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NRH2 is a trafficking switch to regulate sortilin
localization and permit proneurotrophin-induced

cell death

Taeho Kim" and Barbara L Hempstead'-%*

!Graduate Program in Neuroscience, Weill Medical College of Cornell
University, New York, NY, USA and 2Department of Medicine,
Weill Medical College of Cornell University, New York, NY, USA

Proneurotrophins mediate neuronal apoptosis using a
dual receptor complex of sortilin and p75"'™®. Although
p75~™® is highly expressed on the plasma membrane and
accessible to proneurotrophin ligands, sortilin is primarily
localized to intracellular membranes, limiting the forma-
tion of a cell surface co-receptor complex. Here, we show
that the mammalian p75"™ homologue NRH2 critically
regulates the expression of sortilin on the neuronal cell
surface and promotes pZ5N '} and sortilin receptor com-
plex formation, rendering cells responsive to proneurotro-
phins. This is accomplished by interactions between the
cytoplasmic domains of NRH2 and sortilin that impair
lysosomal degradation of sortilin. In proneurotrophin-
responsive neurons, acute silencing of endogenous NRH2
significantly reduces cell surface-expressed sortilin and
abolishes proneurotrophin-induced neuronal death. Thus,
these data suggest that NRH2 acts as a trafficking switch to
impair lysosomal-dependant sortilin degradation and to
redistribute sortilin to the cell surface, rendering p75™"~-
expressing cells susceptible to proneurotrophin-induced
death.
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Introduction

Neurotrophins are growth factors that play crucial roles in the
development and maintenance of the vertebrate nervous
system through two structurally unrelated receptors, the Trk
receptor tyrosine kinases and the neurotrophin receptor
p75N™ . Trk receptors regulate neuronal survival, differentia-
tion, and synaptic plasticity through well defined signalling
pathways (Patapoutian and Reichardt, 2001; Chao, 2003),
whereas p75N™ mediates numerous actions, including neu-
ronal apoptosis or axonal repulsion that are dependant on its
co-receptor partners and preferred ligands (Hempstead, 2002;
Roux and Barker, 2002; Barker, 2004). Our earlier studies

*Corresponding author. Department of Medicine, Weill Medical College
of Cornell University, 1300 York Ave, New York, NY 10065, USA.

Tel.: +1 212 746 6215, Fax: + 1 212 746 8866;

E-mail: blhempst@med.cornell.edu

Received: 1 October 2008; accepted: 30 March 2009; published
online: 30 April 2009

The EMBO Journal VOL 28 | NO 11 ] 2009

indicate that proforms of neurotrophins (proneurotrophins;
i.e. proNGF or proBDNF) selectively bind to p75~™® to induce
cell death (Lee et al, 2001; Teng et al, 2005). ProNGF is
secreted and can induce cell death under pathologic condi-
tions, including spinal cord injury, CNS lesion, and seizure
induction (Beattie et al, 2002; Harrington et al, 2004; Volosin
et al, 2006), and is more abundant in Alzheimer’s brains, as
compared with age-matched controls (Peng et al, 2004),
suggesting a pathophysiological role of proNGF in vivo.

ProNGF interacts with a dual receptor complex of p75™ '™}
and sortilin, a VpslOp domain-containing transmembrane
protein that is highly expressed in the vertebrate CNS
(Sarret et al, 2003; Nykjaer et al, 2004; Jansen et al, 2007).
Biochemical studies suggest that the prodomains of neuro-
trophins bind sortilin, whereas the mature domains bind
p75N™R on the cell surface to mediate cell death (Nykjaer
et al, 2004). Earlier studies, however, indicate that sortilin is
predominantly intracellular in location, in the trans-Golgi
network (TGN) where it participates in intracellular traffick-
ing, and <10% of the total sortilin pool is expressed on the
plasma membrane (Petersen et al, 1997; Nielsen et al, 1999,
2001; Mazella, 2001; Mari et al, 2008). As p75~™® is primarily
localized to the plasma membrane, these observations sug-
gest that mechanisms which promote sortilin expression on
the cell surface could determine cellular responsiveness to
proneurotrophins. Indeed, a recent report indicates that
sortilin is co-expressed with p75™ '~ on the plasma membrane
of mouse retinal ganglion cells (RGCs) when p75™'®-depen-
dant developmentally regulated RGC death is robust (em-
bryonic day 13-15.5). In contrast, at later developmental
stages of the retina (postnatal day 0-6), sortilin is preferen-
tially expressed in the Golgi complex and p75~"®-dependant
RGC death is not observed (Frade and Barde, 1999; Harada
et al, 2006; Nakamura et al, 2007). However, the molecular
mechanisms that regulate sortilin localization during
neuronal development are unknown.

A mammalian homologue of p75™™®, NRH2 (also termed
as PLAIDD or NRADD) shares some sequence similarity to
p75N™R, but contains a unique truncated ectodomain that
does not bind to neurotrophins (Frankowski et al, 2002;
Kanning et al, 2003; Wang et al, 2003; Murray et al, 2004).
Although NRH2 has been suggested to function like p75N'F,
the cytoplasmic domains of NRH2 and p75™™® indeed share
<40% amino acid identity (Murray et al, 2004), suggesting
that NRH2 might not merely mimic p75™™ function, but
might perform additional biological actions. NRH2 is devel-
opmentally regulated, and is expressed at high levels during
embryonic development, but downregulated in adult tissues
(Frankowski et al, 2002; Wang et al, 2003). NRH2 is co-
expressed with p75™™® in subpopulations of cells in the spinal
cord, neonatal retina, dorsal root ganglion, or cultured sym-
pathetic neurons (Kanning et al, 2003; Murray et al, 2004),
regions where sortilin is expressed, and proneurotrophin-
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induced cell death has been reported (Sarret et al, 2003;
Nykjaer et al, 2004; Domeniconi et al, 2007; Nakamura
et al, 2007), suggesting that NRH2 might play a role in
proneurotrophin-mediated cell death.

In this study, we investigate the potential actions of NRH2
in regulating proneurotrophin-induced neuronal apoptosis.
We find that NRH2 expression is dynamically regulated
during development, with increased expression during peri-
ods when proneurotrophin-induced apoptosis occurs. NRH2
interacts with both p75N™ and sortilin, facilitating the for-
mation of a p75™™® and sortilin complex. This is achieved by
a new mechanism, by which NRH2 acts as a trafficking
switch to impair lysosome-dependant sortilin degradation
and to redistribute sortilin to the cell surface. These results
identify a new process that regulates neuronal responsiveness
to pro-apoptotic ligands, in which NRH2 regulates sortilin
expression and directs cell surface localization to promote
p75NTR_sortilin receptor complex formation and proneuro-
trophin-induced cell death.

Results

NRH?Z interacts with sortilin as well as p75"™"

To assess a potential role for NRH2 in regulating proneuro-
trophin signalling, we first examined whether NRH2 co-
localizes with the proneurotrophin receptors, p75™'~ and
sortilin in vivo. To this end, immunofluorescence microscopy
was carried out using tissues where NRH2 and/or p75™'® are
known to be expressed (Kanning et al, 2003; Murray et al,
2004). We detected prominent NRH2 immunoreactivity
throughout the dorsal root ganglion (DRG) of P1 mice
(Figure 1A,a and b), and co-immunostaining with sortilin
and NRH2 antibodies showed that most DRG neurons express
both NRH2 and sortilin (Figure 1A, a). In contrast, p75NTR s
expressed by a subpopulation of neurons that also express
both NRH2 and sortilin (Figure 1A, b and c). Co-expression of
NRH2 with sortilin or p758™® is also observed in a subset of
spinal motor neurons of P1 mice (Supplementary Figure S1)
and in cultured rat superior cervical ganglion (SCG) or DRG
neurons (data not shown). Strong co-immunoreactivity of
sortilin and NRH2 is also detected in the ganglion cell layer
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(GCL) of E15.5 mouse retina (Supplementary Figure S2B)
where proNGF is expressed and p75™ ' "-dependant develop-
mentally regulated apoptosis is robust (Frade and Barde,
1999; Harada et al, 2006; Nakamura et al, 2007). However,
NRH2 and sortilin immunoreactivity is markedly reduced in
the GCL at a later developmental time when apoptosis is not
apparent (Supplementary Figure S2C). To determine if NRH2
interacts with p75™"'™® and sortilin in vivo, we immunopreci-
pitated p75N™® or sortilin from rat brain, DRG or spinal cord
lysates and observed that NRH2 interacts with p75N'™®
(Figure 1B and Supplementary Figure S3), consistent with
earlier studies of overexpression in HEK-293 cells
(Frankowski et al, 2002). Interestingly, we could also detect
a new interaction of NRH2 with sortilin in brain lysates
(Figure 1B and Supplementary Figure S3). Collectively,
these results suggest that NRH2 is expressed by p75N™R-
and sortilin-expressing, and proneurotrophin-responsive neu-
rons, and that NRH2 interacts with both p75N'® and sortilin
in vivo.

NRH2 enhances p75"™F and sortilin association

To identify a potential role for NRH2 in regulating the forma-
tion of p75N™® and sortilin receptor complexes, we expressed
NRH2, p75N™®, and sortilin in heterologous cells and exam-
ined the molecular interactions among them. Immuno-
precipitation of NRH2 followed by western blot analysis
confirmed interactions of NRH2 with both sortilin and
p75NTR (Figure 2A). Surprisingly, we found that the interac-
tion between p75™'® and sortilin is significantly increased
when NRH2 is co-expressed (Figure 2B). Quantification of
western blots indicated that NRH2 expression induces a
3.2-fold increase in the association of p75N'® with sortilin
(Figure 2E, n=3), suggesting that NRH2 positively regulates
p75NTR_sortilin  association by interacting with sortilin
and/or p75NTR,

To determine the domains of NRH2 that selectively
promote interaction with pZ5N™ or sortilin, we generated
C-terminal serially deleted NRH2 constructs lacking the entire
or part of the intracellular domain (FLAG-NRH2-ACT, FLAG-
NRH2-ADD and FLAG-NRH2-AICD; Figure 3A). Deletion of
a part or the entire NRH2 death domain markedly reduces its

|E|¢ Sortilin

Figure 1 NRH2 is co-expressed and interacts with the proneurotrophin receptors, sortilin and p75™™®. (A) Co-expression of NRH2, sortilin and
p75NTR in a subpopulation of dorsal root ganglion (DRG) neurons. DRG sections from C57/BL6 mice (P1) were double-immunostained using
anti-NRH2 (1074), anti-sortilin (BAF2934) or anti-p75™'® antibodies (BAF1157 or 9992). Scale bars, 20 um. (B) Endogenous interaction of
NRH2 with sortilin or p75V'® was assessed by immunoprecipitation of rat brain lysates from E17 animals with the indicated antibody, followed
by probing with anti-NRH2 (juxtamembrane (JM)), anti-sortilin or alnti-p75NTR antisera as noted. Lysate, 40 ug.
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Figure 2 NRH2 promotes the interaction of p75N™® and sortilin. (A) HEK 293 cells were transfected with plasmids encoding sortilin (2 pg),

HA-p75~™ (2 ug) or FLAG-NRH2 (2 ug) as indicated, and the association of NRH2 with p75N™® or sortilin was determined by immunopre-
cipitation with anti-FLAG antibody followed by immunoblot analysis. Lysates, 10 ug per lane. (B) HEK 293 cells were transfected with 2 pg of
sortilin, HA-p75~™® or FLAG-NRH2, and cell lysates were immunoprecipitated with anti-HA antibody followed by immunoblot analysis.
Lysates, 10 pg per lane. (C) Quantitation of western blots for the NRH2 and sortilin association represented in (A), lanes 2 and 3. To determine
the relative NRH2-sortilin interaction, sortilin bands co-immunoprecipitated with NRH2 were normalized by the band intensities both in
lysates and NRH2 immunoprecipitates, and values in the absence and presence of p75~N™® expression were compared (mean +s.e.m., n=3).
(D) Quantitation of western blots for the p75N™ and NRH2 association represented in (A), lanes 3 and 4. Values were normalized as described
above (n=3). (E) Quantitation of western blots for the sortilin and p75N™® association represented in (B), lanes 2 and 3. Values were
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normalized as described above (n=3).

association with p75N'R (Figure 3B and data not shown).
Deletion of part of the NRH2 death domain (NRH2-ACT)
does not impair association with sortilin. However, further
deletions in the cytoplasmic domain of NRH2 (NRH2-ADD
and NRH2-AICD) progressively decrease its interaction
with sortilin (Figure 3C and Supplementary Figure S4). To
test whether the intracellular domain of sortilin is required
for this interaction, a deletion mutant of sortilin lacking
the cytoplasmic tail (Myc-Sort-AICD, Figure 3D) was coex-
pressed with NRH2. Deletion of the sortilin ICD prevented
association with NRH2 (Figure 3E), suggesting that the
juxtamembrane region of NRH2 and the sortilin cytoplasmic
domain promote their association, whereas the death
domain of NRH2 is required for interaction with p75™'®
(Figure 3F).

NRH2 selectively increases cell surface expression

of sortilin

Recent studies suggest that cell surface expression of sortilin
is dynamically regulated during development and correlates
with cell apoptosis (Nakamura et al, 2007). Therefore, we
speculated that NRH2 might regulate the cell surface expres-
sion of sortilin to enhance p75~™ and sortilin co-localization.
Using HT-1080 cells that stably express both p75N™® and
sortilin (HT-1080"/5), we assessed cellular localization of

VOL 28 | NO 11 | 2009

sortilin and p75~™ in the presence or absence of NRH2
using three complementary techniques. First, using double
immunofluorescence microscopy of membrane-permeabi-
lized cells lacking NRH2, sortilin was detected predominantly
in the perinuclear region of the cells, reflecting its known
localization to the Golgi and ER membranes (verified by co-
immunostaining with anti-Golgi-Zone antibody and ER stain,
data not shown) and endosomes, whereas p75~"'® was de-
tected at the leading edge or plasma membrane of cells as
well as in the perinuclear region (Figure 4A). Merged images
indicate no obvious co-localization of p75N'™® and sortilin at
the plasma membrane. However, distinctive and prominent
sortilin immunoreactivitiy at the edge of cells was detected in
NRH2-coexpressing cells (Figure 4B, arrowheads). To directly
test whether NRH2 increases cell surface expression of sorti-
lin, immunofluorescence microscopy was carried out in a
membrane non-permeabilized condition (Figure 4D-H and
Supplementary Figure S5). We detected a significant increase
of sortilin immunoreactivity on the cell surface in NRH2-
coexpressing cells (Figure 4D, arrowhead), which was
not observed neither in NRH2-nonexpressing (Figure 4D,
arrows), nor in GFP-expressing control cells (Figure 4E).
Quantification of images indicates a 2.7-fold increase of
sortilin immunoreactivity on the cell surface upon NRH2
co-expression as compared with the GFP-expressing cells

©2009 European Molecular Biology Organization



NRH2 promotes proneurotrophin signalling
T Kim and BL Hempstead

A B IP: a-HA (p75) Lysates
ECD ™ JM DD T X 1
| 0% p75 Flag-NRH2 — FL ACT — FL ACT
243 265 32 417 (% identity with NRH2) HA-p75 + + + + + +
Fag{ TN T  Flag-NRH2-FL IB: a-Flag
1 52 74 129 228 50 1
*
Fag{ TN N Flag-NRH2-ACT
1 52 74 129 180 374 P

Flag{ TN | Flag-NRH2-ADD
1 52 74

*
129

C — | Flag-NRH2-AICD .
1 52 76
) ... IB: a-p75
C D s
Flag-NRH2 — FL ACT ADD AICD .
Sortiin + + + + + o furin Luminal ™ 1op
repro uminal
IP: o-Flag
100- --- IB' o'-sort 7BMYC| 755 778 831 Myc Sort w
50m IP: o-Flag I vy<| Myc-Sort-AICD
IB:u-FIag 78 755 778
F Sortilin
37
75
E IP:a-Flag P
_(NRH2) ysates ECD
Myc-Sort wt AICD wt AICD — NRH2
251 Flag-NRH2 + +
ECD
204 100 . d IB: a-Myc
ﬁ ICD
*. “ IB a-FIag ) "
100 IB: o-Sort

Figure 3 Association of NRH2 with p75™'® and sortilin. (A) Diagrammatic representation of full-length or truncated NRH2 constructs.
Sequence similarity between murine p75™'® and murine NRH2 is shown as a % identity for each domain. (B) Death domain of NRH2 is
necessary for the interaction with p75™'®. HEK 293 cells were co-transfected with HA-p75"™® and FLAG-NRH2-FL or FLAG-NRH2-ACT, and
cell lysates were subjected to immunoprecipitation of p75N™®. (C) The juxtamembrane domain of NRH2 promotes sortilin binding. Full-length
or truncated NRH2s were co-expressed with sortilin in HEK 293 cells and their associations were assessed by co-immunoprecipitation
with NRH2. Asterisks indicate immaturely N-glycosylated NRH2 intermediates verified by N-glycanase reaction (data not shown).
(D) Diagrammatic representation of Myc-tagged full-length and truncated sortilin constructs. (E) ICD deletion of sortilin shows impaired
NRH2 binding, as assessed by co-immunoprecipitation of NRH2 in HEK 293 cells. (F) Summary of molecular interactions among p75™'%, NRH2

and sortilin. NRH2-DD is required to interact with p75™'x,

(Figure 4H, *P<0.05, n=4). By contrast, NRH2 does not
alter p75N™R cell surface expression, as comparable levels of
p75N™ immunoreactivity are detected in cells with and
without NRH2 expression (Figure 4C, F and G). Lastly, cell
surface biotinylation of HT-1080%/% cells, transfected with
NRH2 or control vector (CTL), corroborate these results
that NRH2 expression increases cell surface expression of
sortilin (2.1+0.25-fold increase, n=4) but not p75 %
(Figure 4I). Given the modest extent of sequence similarity
between NRH2 and p75N™R, we asked whether targeting of
sortilin to the cell surface is selectively promoted by NRH2.
Unlike NRH2, p75V™® expression in sortilin-expressing cells
(HT-1080%) fails to increase the level of sortilin detected on
the cell surface (Figure 4J). To further determine whether the
association of sortilin with NRH2 is required for sortilin
relocalization, we carried out cell surface biotinylation of
HT-1080° cells expressing full-length or deletion mutants
of NRH2 (Figure 4K). Expression of NRH2-AICD, which is
impaired in sortilin binding (Figure 3C and Supplementary

©2009 European Molecular Biology Organization

whereas NRH2-JM and sortilin-ICD promote their association.

Figure S4), does not increase cell-surface expression
levels of sortilin, whereas sortilin-interacting NRH2-FL and
NRH2-ACT do (Figure 4K), suggesting that sortilin is
selectively redistributed to the plasma membrane on its
association with NRH2.

Cell surface expression of sortilin is crucially regulated
by endogenous NRH2 in neurons

To determine whether endogenous NRH2 in neurons regu-
lates sortilin localization, we delivered short hairpin RNA
(shRNA) targeting a sequence in the transmembrane domain
of rat NRH2. As DRG neurons express high levels of NRH2,
sortilin, and p75N™ (Supplementary Figure S6), we infected
DRG neurons with shNRH2-expressing lentivirus (shNRH2).
This reduced NRH2 expression by approximately 75%, as
compared with the control lentivirus (CTL)-infected cells
(Figure 5A and B). Unexpectedly, overall sortilin levels
are significantly reduced in NRH2-silenced DRG neurons
(69.0+7.2% of control, n=6, P<0.01) (Figure 5A and B).
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Figure 4 NRH2 selectively relocalizes sortilin to the plasma membrane. (A) Immunofluorescence detection of p75™"™ and sortilin in

membrane permeabilized HT-1080"/% cells. Scale bar, 20pum. (B, C) NRH2 redistributes sortilin but not p75N™®. HT-1080™/% cells were
transfected with FLAG-NRH2, and the effect of NRH2 expression on sortilin (B) or p75N'® localization (C) was monitored by immuno-
fluorescence microscopy in membrane-permeabilized cells. Arrowheads and arrows indicate NRH2-expressing and non-expressing cells,
respectively. Insets, higher magnification of co-localization of NRH2 and sortilin at the leading edge of the cell. Scale bars, 20 pm. (D, E) Cell
surface expression of sortilin is markedly increased by NRH2 co-expression. HT-1080"/% cells were transfected with FLAG-NRH2 (D) or GFP
(E), and sortilin expression on the cell surface was monitored by immunofluorescence microscopy in a membrane non-permeabilized
condition. (F, G) NRH2 does not alter p75~N™R expression on the cell surface. Immunoreactivity of p75™'~ in FLAG-NRH2 (F) or GFP-transfected
HT-1080"/% cells (G) was visualized by immunoflurescence microscopy in a membrane non-permeabilized condition. Arrowheads indicate
NRH2 or GFP-expressing cells, and arrows indicate non-transfected reference cells. (H) Quantification of p75NTR or sortilin immunoreactivity
represented in (D)-(G). Locations containing both transfected and non-transfected cells were chosen and staining intensity of sortilin or p75N™
in NRH2 (+) or GFP (+) cells was normalized by corresponding intensity in NRH2 (—) or GFP (—) cells in the same picture (mean +s.e.m.,
n=4, *P<0.05). (I) HT-1080"® cells were transfected with control vector or NRH2 encoding vector, followed by cell surface biotinylation and
streptavidin pull-down of cell lysates, showing that NRH2 increases cell surface expression of sortilin but not p75N™®. (J) NRH2 but not p75~N™®
increases sortilin expression on the cell surface assessed by cell surface biotinylation in transfected HT-1080°%. (K) NRH2-AICD mutant, which
does not interact with sortilin, fails to increase cell surface expression of sortilin in HT-1080° cells.

To verify that the reduction in sortilin expression in DRG
neurons is mediated by NRH2, we co-expressed an shNRH2-
resistant, FLAG-tagged murine NRH2, using the shNRH2-
expressing lentiviral vector (shNRH2/FLAG-NRH2R). The
reduction in sortilin expression induced by NRH2 knockdown
is effectively rescued by co-expression of FLAG-NRH2®

1616 The EMBO Journal VOL 28| NO 11 | 2009

(Figure 5C), indicating that the level of sortilin expression
is selectively regulated by NRH2, rather than an off target
effect of shRNA. This conclusion is also supported by com-
parable expression levels of other proteins including p75™'F,
Trk, and B-actin after silencing or restoring of NRH2 expres-
sion in DRG neurons (Figure 5A-C).

©2009 European Molecular Biology Organization
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Figure 5 Sortilin expression levels are selectively reduced in NRH2-
depleted DRG neurons. (A) DRG neurons infected with CTL or
shNRHZ—expressin§ lentivirus were harvested at DIV7, and expres-
sion of NRH2, p75™ ', sortilin or Trk was examined by immunoblot
analysis. (B) Quantitation of western blots represented in (A). Mean
proportions + s.e.m. were determined from six independently car-
ried out experiments at DIV7-9, **P<0.01. (C) Sortilin levels are
rescued upon restoring NRH2 expression. Dissociated DRG cultures
were infected with lentiviruses (CTL, shNRH2, or shNRH2/FLAG-
NRH2®), and western blot analysis was carried out at DIVZ. Bottom,
NRH2 Western blot using anti-NRH2 (1074) antibody for the lysates
represented in lanes 1, 3 and 5 of upper panels.

To assess whether NRH2 regulates sortilin expression on
the neuronal cell surface, CTL or shNRH2 expressing DRG
neurons were biotinylated, and surface proteins were de-
tected by streptavidin-pull down and western blot analysis
(Figure 6A). On acute silencing of NRH2, we observed a
reduction of sortilin expression on the cell surface (46.3%
reduction compared with control, n=3, **P<0.01) that
was more pronounced than the total decrease in sortilin
expression (24.4% decrease compared with control, n=3,
*P<0.05) (Figure 6B). In addition, augmentation of NRH2
expression in DRG neurons (Figure 6C) or cortical neurons
(Figure 6D), where NRH2 is expressed at low levels
(Supplementary Figure S5), significantly increases the level
of surface-expressed sortilin (2.0+0.32-fold, n=3) with a
moderate increase in total sortilin (1.3 +0.05-fold, n=3) in
cortical neurons (Figure 6E). To determine whether endogen-
ous NRH2 in DRG neurons preferentially regulates cell sur-
face localization of sortilin, DRG neurons were infected with
CTL or shNRH2-expressing lentiviruses and immunofluores-
cence microscopy was carried out in both membrane non-
permeabilized (Figure 6F) and permeabilized conditions
(Figure 6G), and staining intensity present on the cell surface
and in total was compared. We detected a significant decrease
of sortilin immunoreactivity in membrane non-permeabi-

©2009 European Molecular Biology Organization
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lized, NRH2-silenced cells (60% reduction compared with
control, **P<0.01, n=5; Figure OF arrowheads and
Figure 6H). In contrast, only a modest decrease was observed
in membrane permeabilized, NRH2-silenced cells (22% re-
duction compared with control, n = 4; Figure 6G arrowheads
and Figure 6H). Collectively, these studies indicate that NRH2
critically regulates the cell surface localization of endogenous
sortilin in two classes of neurons.

NRH2 regulates sortilin expression in neurons by
altering sortilin degradation

As acute silencing of endogenous NRH2 leads to a moderate
reduction in total sortilin levels, we carried out pulse-chase
experiments to determine whether sortilin degradation was
affected. In control neurons, sortilin levels fall significantly
at 4 and 6h of chase conditions (52 and 65% reduction
compared with 0 hr of chase). In contrast, in neurons
overexpressing NRH2, sortilin levels at these time points
are largely maintained (20 and 30% reduction, *P<0.05
and **P<0.01, n=4) (Figure 7A and B), suggesting that
NRH2 expression stabilizes sortilin by attenuating its degra-
dation. Recent studies suggest that sorting nexin-1 (SNX-1), a
component of retromer, interacts with the sortilin cytoplas-
mic tail and facilitates endosome-TGN transport of sortilin.
Depletion of SNX-1 decreases the sortilin pool in the TGN and
increases its lysosomal degradation (Canuel et al, 2008; Mari
et al, 2008). Thus, we postulated that the interaction of NRH2
with sortilin might impair the trafficking of sortilin to the
lysosome for degradation. To test this hypothesis, DRG
neurons infected with CTL or shNRH2-expressing lentiviruses
were incubated with lysosomal or proteosomal inhibitors,
and sortilin levels in cell lysates were analysed by western
blot analysis. Treatment with the lysosomal inhibitor leupep-
tin restored sortilin levels in NRH2-depleted cells to levels
close to those observed in control conditions (98.3+2.6%,
**P<0.01, n=3) (Figure 7C and D). However, proteosomal
inhibitors, including epoxomycin and MG-132 did not sig-
nificantly augment sortilin protein levels in NRH2-silenced
neurons (Figure 7C and data not shown), demonstrating that
a primary effect of NRH2 is to interfere with sortilin degrada-
tion in the lysosomal dependant pathway. To determine
whether lysosomal inhibition also restores sortilin surface
expression in NRH2-silenced cells, control or NRH2-silenced
DRG neurons were treated with leupeptin or not, followed by
cell surface biotinylation (Figure 7E). Leupeptin treatment
rescues total levels of sortilin but not the surface-expressed
sortilin in NRH2-depleted neurons (Figure 7E). These studies
suggest that enhanced cell surface localization of sortilin is
not a direct consequence of increased sortilin stability, and
that association of sortilin with NRH2 may be necessary for
this process.

NRH2 promotes proNGF binding/internalization

As NRH2 facilitates the redistribution of sortilin to the cell
surface and increases the association between sortilin and
p75NTR, we next assessed whether NRH2 promotes the for-
mation of a p75N™® and sortilin complex on the cell surface.
Cells expressing p75™™ and sortilin, with or without NRH2,
were subjected to surface biotinylation and cell lysates
were immunoprecipitated with p75N™ antibodies. Immuno-
blotting with streptavidin-HRP detects three prominent
bands (~ 110, ~75, and ~50kDa), corresponding to sortilin,
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p75N™ and NRH2, respectively, as verified by western
blot analysis (data not shown), and shows that NRH2
expression markedly increases the p75N™® and sortilin
association on the cell surface (3.3-fold increase compared
with control, n=2) (Figure 8A). To determine whether
this increased formation of a p75 N R-sortilin complex
on the cell surface enhances proNGF binding or internaliza-
tion, we treated p75N"R, sortilin, or NRH2 expressing-
heterologous cells with HA-proNGF (Lee et al, 2001).
Immunodetection with anti-HA is approximately 10-fold

1618 The EMBO Journal VOL 28| NO 11 | 2009

more sensitive than anti-proNGF (0.1 ng versus 1.0ng per
lane, respectively), thus improving detection of proNGF
binding (Figure 8B). Cell-associated proNGF is increased in
p75N™R and sortilin-expressing cells (Figure 8C, lane 6) as
compared with control (Figure 8C, lane 5), and further
augmented on co-expression of NRH2 with p75N™® and
sortilin (Figure 8C, lane 8). These data strongly suggest that
NRH2 expression facilitates p75™ "-sortilin receptor complex
formation on the cell surface to promote proneurotrophin
binding.

©2009 European Molecular Biology Organization
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followed by immunoblot analysis.

Acute depletion of NRH2 abolishes proBDNF-induced
sympathetic neuronal death

To determine whether altered targeting of sortilin induced by
NRH2 regulates proneurotrophin-induced cell death, rat sym-
pathetic neurons were treated with proBDNF after acute
silencing of NRH2 (Figure 9A). Consistent with our earlier
results (Teng et al, 2005), proBDNF treatment induced apop-
tosis in neurons infected with control lentivirus (1.84-fold
increase compared with the control treatment, n=4,
*P<0.05) (Figure 9A). This effect is blocked by neuro-
tensin, which binds sortilin and impairs proneurotrophin
binding (Nykjaer et al, 2004; Teng et al, 2005) (Figure 9A).
In contrast, NRH2-silenced neurons were resistant to
proBDNF-induced killing as compared with the control cells
(n=4, **P<0.01, Figure 9A). Immunoblot analysis verified
efficient knockdown of NRH2 in sympathetic SCG neurons to
<10% of that observed in control cells (Figure 9B and C).
Consistent with the observations in DRG neurons (Figure 5),
NRH2 silencing moderately reduced sortilin levels (34%
reduction compared with control, n=3, **P<0.01) but not
p75N™® Trk or B-actin expression in SCG neurons (Figure 9B
and C). Importantly, restoration of NRH2 expression
(Figure 8D; insets) re-sensitized SCG cells to proBDNF
(1.57-fold increase as compared with the control treatment,
n=10, **P<0.01) (Figure 9D). Collectively, these results
indicate that NRH2 plays a critical role in regulating proneur-
otrophin-induced neuronal apoptosis.

©2009 European Molecular Biology Organization

Discussion

The goal of this study is to identify a mechanism that
regulates sortilin expression on the cell surface to promote
the formation of p75N R-sortilin complexes and to render
neurons responsive to proneurotrophins. Unlike the other
neurotrophin receptors, p75N'® and Trks, which are ex-
pressed at high levels on the plasma membrane, sortilin
transports proteins including lysosomal hydrolases from
TGN to endosomes and lysosomes (Nielsen et al, 1999;
Lefrancois et al, 2003; Chen et al, 2005; Shi and Kandror,
2005; Ni and Morales, 2006). The interaction of the sortilin
cytoplasmic domain with the Golgi-localized gamma-ear-
containing Arf-binding proteins (GGAs) to promote TGN-to-
endosome/lysosome trafficking, as well as with the retromer
to direct endosomal to TGN targeting (Nielsen et al, 2001;
Canuel et al, 2008; Mari et al, 2008), might provide important
mechanisms to limit cell surface expression of sortilin, and
thus responsiveness to proneurotrophins. However, during
neural development and after nerve injury, proneurotrophin-
induced cell death is robust (Beattie et al, 2002; Harrington
et al, 2004; Jansen et al, 2007), implicating an endogenous
mechanism to acutely relocalize sortilin to the plasma mem-
brane to enhance cellular responsiveness to proneurotro-
phins.

Here, we provide evidence that NRH2, a mammalian
homologue of p75N', plays this crucial role in regulating

The EMBO Journal VOL 28 | NO 11 ] 2009
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sortilin localization on the cell surface. Our results indicate
that NRH2 interacts with sortilin in vivo, promotes sortilin
expression on the plasma membrane, and increases the
formation of a p75N R-sortilin-proneurotrophin complex on
the cell surface. Most importantly, the reduction of apoptosis
in NRH2-silenced sympathetic neurons suggests that NRH2
expression is indispensable for proneurotrophin-induced cell
death in these neurons. Thus, our findings suggest that
NRH2-mediated targeting of sortilin to the plasma membrane,
and the resulting increase in p75N'R-sortilin receptor com-
plex formation on the cell surface are critical to initiate
proneurotrophin signalling in neurons.

1620 The EMBO Journal VOL 28 | NO 11 | 2009

How does NRH2 enhance sortilin expression on the cell
surface? The sortilin cytoplasmic domain contains sorting
motifs that promote endocytosis and TGN-to-endosome/lyso-
some trafficking of sortilin through interactions with GGAs,
AP-1, and AP-2 to target cargo proteins to their intended
destinations (Bonifacino and Traub, 2003). In addition, recent
studies co-localize sortilin with SNX-1 to direct trafficking
from the early endosome to TGN. As a result, more than 90%
of sortilin is targeted to the TGN, endosomes, or lysosomes
(Mazella, 2001; Nielsen et al, 2001; Mari et al, 2008). To
increase sortilin expression on the cell surface, NRH2 might
act to override trafficking signals that direct sortilin to those
sorting or recycling routes, and retarget it to the plasma
membrane. Indeed, in the absence of NRH2 expression in
DRG neurons, lysosome-dependant sortilin degradation is
elevated, resulting in preferential reduction of sortilin expres-
sion on the cell surface. Similarly, acute silencing of SNX-1
reduces the cellular levels of sortilin by 50%, by mistargeting
sortilin to the lysosome for degradation (Mari et al, 2008).
Thus, it is plausible that NRH2 interacts with sortilin primar-
ily to interfere with lysosomal trafficking and degradation of
sortilin to reroute it to the plasma membrane.

Although NRH2 interacts with both p75™™® and sortilin,
NRH2 expression does not relocalize p75™ '}, nor alter p75N'®
expression levels. This might reflect the dominant role of the
p75NT™® extracellular-stalk domain in directing p75™'® to the
plasma membrane (Yeaman et al, 1997). More importantly,
even though both p75%™ and NRH2 interact with sortilin,
p75N™R expression does not alter sortilin localization. How
might NRH2 selectively regulate sortilin trafficking? Firstly,
NRH2 and p75N™ seem to interact with each other by
homotypic association between their death domains, as
most death domain-containing proteins do. By contrast, the
sortilin cytoplasmic tail and the juxtamembrane region of
NRH2, which is very different from the p75™'® juxtamem-
brane region (Figure 3A) (Kanning et al, 2003; Murray et al,
2004), seem necessary for the interaction of sortilin and
NRH2, suggesting that discrete molecular interactions
mediated by the NRH2-JM and the sortilin-ICD might pro-
vide selectivity of NRH2 to regulate sortilin localization. It is
not clear whether the molecular association between NRH2
and p75™N™® independent of sortilin might regulate proneuro-
trophin signaling. This study suggests that NRH2 enhances
p75N ™R sortilin interaction on the cell surface to facilitate
proNGF binding. However, NRH2 does not directly bind to
mature neurotrophins (Murray et al, 2004), and thus a direct
association with ligand is not anticipated. Future structural
studies will be necessary to identify the stoichiometry and
molecular interactions between proneurotrophins, p75™'%,
sortilin, and NRH2.

The dynamic expression of NRH2 during the development
of the mammalian nervous system (Frankowski et al, 2002;
Wang et al, 2003) suggests that downregulation in postnatal
life might provide a mechanism to limit proneurotrophin
responsiveness. Our studies suggest that Trk activation does
not regulate NRH2 expression (Supplementary Figure S7B),
suggesting that other regulatory mechanisms are involved. In
addition, the limited tissue distribution of NRH2 might act to
facilitate proneurotrophin actions in the nervous system, but
not in other organs. For example, RGCs undergo develop-
mental-stage specific, p75™ "~ and sortilin-dependant apop-
tosis (Frade and Barde, 1999; Harada et al, 2006; Jansen et al,

©2009 European Molecular Biology Organization
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2007). This cell death correlates with the level of cell surface
expression of sortilin, and determines the proNGF suscept-
ibility in these cells (Nakamura et al, 2007). Our studies
indicate that NRH2 expression coincides with cell surface
expression of sortilin in RCGs at E15.5, but not P1
(Supplementary Figure S2), to render these cells transiently
competent to respond to locally synthesized proNGF.

The ability of NRH2 to act as a transmembrane
chaperone to specifically redirect sortilin trafficking provides
a new mechanism to regulate receptor localization and
biological responsiveness. The best characterized chaperone
proteins for receptors include the heat shock family of
proteins, with well-defined interactions of hsp90/hsp70
with glucocorticoid receptors (Pratt et al, 2006), and
interaction of heat shock protein gp96 with the Toll-like
receptors (Harding, 2007). Other receptors, including the G
protein-coupled receptors (GPCRs), utilize type I and type II
transmembrane proteins to direct cell surface expression in

©2009 European Molecular Biology Organization

neurons, and other highly polarized cells (Tan et al, 2004).
For example, the cell surface localization of odorant
receptors in Caenorhabditis elegans is dependant on interac-
tion with a neuronally expressed syntaxin-like molecule,
ODR-4 (Dwyer et al, 1998), and the surface localization of
the calcitonin receptor-like receptor requires interaction
with the type I transmembrane protein RAMPs (receptor
activity modifying proteins) (McLatchie et al, 1998). One
example of receptor heterodimerization that seems to over-
ride ER retension signals is the GABAg receptor. The GB1
subunit encodes a C-terminal ER retention motif, which is
masked through interactions of GB1 and GB2 through C-
terminal coiled coil o helices (Margeta-Mitrovic et al, 2000).
However, these strategies seem to be utilized primarily to
confer cell-type specific surface expression, whereas our
studies suggest a more dynamic model, in which develop-
mental regulation of NRH2 might act to limit proneurotrophin
responsiveness.
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In summary, our findings identify a new mechanism
for regulating apoptotic signalling in neurons: the require-
ment for a chaperone protein, NRH2, to impair lysosomal
degradation of sortilin, and to promote enhanced expression
on the cell surface. This provides a mechanism for tightly
regulating the susceptibility of p75N™ and sortilin-expressing
neurons to proneurotrophin-dependant death, and might
allow p75™™® to subserve different cellular functions, such
as axonal repulsion, migration, or myelination (Barker,
2004).

Materials and methods

Reagents

Murine NGF was obtained from Harlan Bioproducts (Indianapolis,
IN) and the furin-resistant His-tagged proBDNF was generated as
described earlier (Teng et al, 2005). The rabbit anti—p75NTR (9992)
(Esposito et al, 2001), anti-proNGF (413) (Beattie et al, 2002), and
anti-sortilin (727, for detecting the extracellular domain) antibodies
were generated in the laboratory, and the anti-NRH2 antibody
(1074) was generously provided by Moses Chao (Murray et al,
2004). Anti-human p75"™ monoclonal antibody (MAB367),
biotinylated goat anti-mouse sortilin (BAF2934) and anti-mouse
p75NT™R (BAF1157) antibodies, and biotinylated normal goat IgG
were obtained from R&D Systems (Minneapolis, MN). The rabbit
polyclonal antibody for Trk (C-14) was from Santa Cruz Biotech-
nology (Santa Cruz, CA), and anti-FLAG-tag (M2 and rabbit
polyclonal) and anti-B-actin monoclonal antibodies were from
Sigma (St Louis, MO). Monoclonal antibody for sortilin was
obtained from BD Bioscience (San Jose, CA), and anti-Myc
polyclonal antibody was from Bethyl Laboratories Inc.
(Montgomery, TX).

DNA constructs

N-terminal FLAG-tagged murine NRH2 (Murray et al, 2004) was a
generous gift from Moses Chao(Murray et al, 2004). N-terminally
FLAG-tagged NRH2 constructs encoding C-terminus, death
domain, and cytoplasmic domain truncations (FLAG-NRH2-
ACT;_ 150, FLAG-NRH2-ADD, ;50 and FLAG-NRH2-AICD;
respectively) were generated by PCR amplification.

Cell cultures, immunoprecipitation and immunoblotting

Cell cultures, primary neuronal cultures, immunoprecipitation, and
immunoblotting were carried out as described in Supplementary
data. To detect endogenous interactions among NRH2, sortilin, and
p75NT™R | whole brains were dissected from embryonic day 17 (E17)
rats, homogenized, and lysed in TNE buffer with protease and
phosphatase inhibitors (Sigma). After centrifugation and preclear-
ing with immobilized streptavidin (Pierce Biotechnology, Rockford,
IL), lysates (3mg per IP) were incubated with biotinylated anti-
p75N™® (BAF1157), anti-sortilin (BAF2934), or normal goat IgG
(BAF108). The immunocomplexes were precipitated using immo-
bilized streptavidin and analysed by western blotting with anti-
NRH2 (1074), anti-sortilin (monoclonal), and anti-p75~N™® (9992)
antibodies.

Immunofluorescence microscopy

Immunocytochemical or immunohistochemical staining and fluor-
escence microscopy were carried out as described earlier (Murray
et al, 2004; Chen et al, 2005). To selectively label sortilin, NRH2, or
p75NTR present on the plasma membrane, cells were incubated with
pre-cooled blocking buffer and primary antibodies detecting
ECDs of target proteins followed by incubation with secondary
antibodies at 4°C. HT-1080"/® cells were examined by epifluores-
cence microscopy and staining intensity of each fluor in individual
cells was integrated using Image J software (NIH, Bethesda,
MD). Ten to 20 cells/constructs/conditions were analysed at
random locations in each experiment, and normalized with NRH2
or GFP non-expressing adjacent cells. Confocal fluorescence
microscopy was carried out on DRG neuron specimens by
using an LSM510 microscope (Carl Zeiss, Oberkochen, Germany).
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Twenty to 40 lentivirus-infected cells (GFP-positive) were examined
randomly in each experiment and staining intensity was analysed
using Image J software. Further details are described in Supple-
mentary data.

Cell surface biotinylation

Cells were carefully rinsed twice with ice-cold PBS containing 1 mM
CaCl, and 0.5mM MgCl, (PBS+) and incubated with 0.5mg/ml
sulfo-NHS-LC-biotin (Pierce Biotechnology) dissolved in biotinyla-
tion buffer (10 mM TEA pH 7.4, 2 mM CaCl,, and 150 mM NacCl) for
20min at 4°C. Cells were then quenched with PBS+ containing
50 mM Tris pH 7.4 for 10 min at 4°C, washed with PBS 4, and lysed
in RIPA buffer (1% NP-40, 0.1% SDS, 0.1% deoxycholate, 150 mM
NaCl, 1 mM EDTA, and 10 mM Tris pH 7.4) with protease inhibitors.
Clarified lysates were then immunoprecipitated with immobilized
streptavidin, or anti-HA matrix.

Lentiviral application

Lentiviral stocks were prepared according to manufacturer’s
instruction (Invitrogen). See Supplementary data for details. To
silence, rescue, or augment NRH2 expression in primary neurons,
cells at DIV2 were infected with control, shNRH2, or shNRH2/
FLAG-NRH2R-expressing lentivirus for 2-3 days in the presence of
5-FUDR and/or NGF (for DRG and SCG). Cultures were then treated
or not, and harvested at DIV7-9. In each experiment, expression of
GFP or FLAG-NRH2 was verified by western blotting or fluores-
cence microscopy.

Pulse-chase experiment

Cortical neurons were dissociated and electroporated (Amaxa) with
control or FLAG-NRH2 plasmids, and on DIV5, cells were
incubated in methionine-free, cysteine-free DMEM supplemented
with 5% dialysed FBS for 30 min. Cells were pulse-labelled by the
addition of 250 uCi/ml [*°S] cysteine/methionine mix (PerkinElmer,
Waltham, MA) in methionine and cysteine free media for 1h, and
cell media was replaced with media containing 5mM methionine
and cysteine for 0, 1, 2, 4, and 6h, respectively. Cells were then
washed twice with ice-cold PBS, lysed in RIPA buffer, and cell
lysates (300 pg per IP) were subjected to immunoprecipitation with
biotinylated anti-sortilin antibody (BAF2934) followed by strepta-
vidin pull-down. The samples were subjected to 8% SDS-PAGE and
analysed by autoradiography.

Assessment of apoptosis

Dissociated SCG neurons were prepared from wild-type P1 rats,
infected with lentiviruses, treated with NGF, proBDNF, neurotensin,
or vehicle for 36 h, and apoptotic cells were scored as described
earlier (Teng et al, 2005). At least 200 cells were counted for each
culture condition, and the level of NRH2, sortilin, Trk, B-actin, or
p75N™ was monitored by western blotting from the equivalent
cultures.

Statistics
Statistical significance was typically determined by two-tailed
Student’s t-test after testing for normal distribution.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal. org).
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